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1. Introduction
Nanotechnology has become one of the most highly charged
disciplines in science and technology today. The intense inter-
est in nanotechnology is being driven by various interesting
fields and is leading to a new industrial revolution. Nanotech-
nology includes many branches of science and technology,
from space exploration, to simple consumer materials. This
highly multi-disciplinary field depends upon shared knowledge,
tools, techniques and information from many different areas of
research and requires input from materials scientists, engi-
neers, physicists, chemists, biologists, and clinical re-
searchers. 
To demonstrate that any product or manufacturing process
meets a specified functional demand requires quantitative
measurements traceable to an agreed metrology scale. In or-
der to apply practical metrology in the field of nanotechnology,
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Resum 
La nanotecnologia orientada al camp de la química analítica, o
química nanoanalítica, ja sigui a escala nanomètrica o a
macroescala, s’està convertint en una matèria de gran poten-
cial. Els conceptes associats a aquesta química nanoanalítica
són acceptats ràpidament, entre d’altres, pel camp de la biolo-
gia molecular. El disseny de noves estructures amb propietats
òptiques i electroquímiques especials i la seva integració en
sistemes de [bio]detecció representen alguns dels molts as-
pectes relacionats amb la investigació en aquest nou camp. La
química nanoanalítica haurà de proporcionar noves eines per a
diferents aplicacions, ja sigui en el camp mèdic, mediambiental
o industrial. 
Es presenten exemples de química nanoanalítica relacionats
amb nanopartícules d’or, quantum dots i nanotubs de carboni.
Com a primer exemple, es descriurà la detecció de DNA mit-
jançant ICPMS de nanopartícules d’or, així com la detecció
electroquímica d’aquestes mateixes partícules. El segon ex-
emple serà l’ús de quantum dots per al disseny dels anome-
nats «xips de DNA en solució». Finalment, es presentarà la in-
tegració de nanotubs de carboni en una matriu de resina epoxi
per formar un nou material compòsit amb aplicacions interes-
sants en la tecnologia dels sensors.
Abstract
Analytical chemistry-oriented nanotechnology, or nanoanalyti-
cal chemistry, at nanometer or macroscale, at both nanometer
and macroscale dimensions, is on its way to becoming a field
of great potential. Nanoanalytical chemistry concepts are find-
ing rapid acceptance in molecular biology and other fields. The
design of novel nanostructures with special optical and electro-
chemical properties and their integration into [bio]sensing sys-
tems represent only one aspect of the research in this new
field. Analytical chemistry-oriented nanotechnology, or
nanoanalytical chemistry, will provide new tools for various ap-
plications in fields like medicine, environmental studies, and in-
dustry. 
Nanoanalytical chemistry examples related to gold nanopar-
ticles, quantum dots, and carbon nanotubes will be presented
in the present paper. DNA detection by ICPMS of gold
nanoparticle tags as well as direct electrochemical detection of
the same nanoparticles will be described here as the first ex-
ample. The use of quantum dots for the design of so-called
“DNA chips in solution” will be the second example. The inte-
gration of carbon nanotubes in an epoxy matrix forming a nov-
el composite material with interesting applications in sensor
technology will be the paper’s final example.
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i.e., to make measurement in the nanometer range traceable to
the SI units of quantity of matter, practical measurement stan-
dards must be constructed. However, for an accurate analyti-
cal chemistry application these standards need consolidation,
and novel specific standards must be constructed. Hence, to
convert nanotechnology into a successful business, it is neces-
sary to access the relevant metrology tools that give us the
ability to measure not only in three dimensions with atomic res-
olution but also to use other classical tools of analytical chem-
istry as well as novel ones.
Therefore, nanometrology and analytical chemistry should
be seen as indispensable parts of nanotechnology. These dis-
ciplines should develop hand in hand with the development of
nanoscience and nanotechnology, respectively. These intrinsic
analytical chemistry aspects of nanotechnology, which are
strongly related to nano-aspects, are giving us the chance to
forge a new branch of analytical chemistry, now called nanoan-
alytical chemistry, a discipline or series of disciplines appearing
at the beginning of twenty-first century. Day after day, nanoan-
alytical chemistry is indeed becoming a crucial factor in the de-
velopment of nanotechnology.
This analytical chemistry-oriented nanotechnology, or nano-
analytical chemistry, which works at nanometer or macroscale
dimensions, is a subject of great potential. In biological cells, in
ever smaller semiconductor devices, attention is now being
given to chemical analysis within very small dimensions. Cur-
rently, no general instrumentation allows a satisfactory spatial
resolution for such analysis. And recently the concept of nan-
otechnology has been broadened to deal with quantities other
than length, for instance, very small amounts of substance.
This has led to the term nanochemistry.
Nanoanalytical chemistry concepts are finding rapid accep-
tance in the field of molecular biology and other disciplines. The
comparable size scale of nanoparticles and biological materi-
als, such as antibodies and proteins, facilitates the use of these
particles for biological and medical applications. DNA arrays in
solution, for example, can now be used to monitor gene ex-
pression levels, since many genes can be examined simultane-
ously thanks to the use of quantum dots with special optical
and electrochemical properties. 
The design of nanostructures with special nano[bio]analyti-
cal properties and with entirely new properties represents only
one aspect of the ongoing research in this new field. Analytical
chemistry-oriented nanotechnology, or nanoanalytical chem-
istry, will significantly improve treatment of a variety of diseases
in the coming years and will provide new tools for medicine,
making possible novel and fast diagnosis, drug design and de-
livery, molecular-scale surgery to repair and rearrange cells, tis-
sue engineering, and other applications, including fields like en-
vironmental disciplines or industries. 
The integration of nanomaterials in sensing [bio]systems
represents only one area of nanoanalytical chemistry. Inorganic
nanoparticles, including gold nanoparticles and quantum dots,
are particularly attractive building blocks for the generation of a
novel generation of biosensing systems, including [bio]sensors.
Carbon nanotubes represent other building blocks with various
applications of analytical interest.
2. Gold nanoparticles
While the most frequently used labels for electrochemical sen-
sors to date have been enzymes and small molecules like elec-
troactive indicators (dyes, etc.), various kinds of nanoparticles
have emerged in the last 5 years as novel labels of biological
molecules, gold and silver nanoparticles being the pioneers in
bionananosensing technologies, especially with optical detec-
tion. It now appears clear that nanoparticles will overcome
many of the significant chemical and spectral limitations of mol-
ecular fluorophores. Nanoparticles have a chemical behaviour
similar to that of small molecules and will be able to be used as
specific optical or electroactive labels. Such nanoparticles may
be expected to be superior in several ways. Compared to ex-
isting labels, they are more stable and cheaper. They allow
more flexibility, faster binding kinetics (similar to those in a ho-
mogeneous solution), high sensitivity, and high-reaction
speeds for many types of multiplexed assays, ranging from im-
munoassays to DNA analysis.
2.1. DNA detection through ICPMS of gold nanoparticle tag
An attempt to measure directly the atomic composition of
gold nanoparticles conjugated to oligonucleotides carrying
the c-myc peptide via interaction of antibodies through the
use of ICPMS has already been reported [1] Two reference
method strategies, the classical Dot Blot [2] format and
ICPMS, the proposed format, were used to detect the c-myc
peptide epitope attached to synthetic oligonucleotides (see
Figure 1). In both cases, oligonucleotide-peptide conjugates
Figure 1. (upper part): Schematic of the DNA labelled with gold
nanoparticles via immunoreactions with the peptide sequence inserted
in the middle of the DNA chain. (lower part): Gold signal obtained from
the positive ICPMS-linked assays with decreasing concentrations of
the oligonucleotides: 8 (a); 4 (b); 2 (c); 1 (d); 0.5 (e); 0.25 (f); 0.125 (g); 0
(h) µg oligonucleotide / dot.
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were first applied to a nitrocellulose membrane using a mani-
fold attached to a suction device. After immobilization of the
oligonucleotide by UV radiation, the samples were incubated
with an anti-c-myc monoclonal antibody. In the case of the
Dot-Blot [3], the format strategy was followed by incubation
with a secondary antibody conjugated to horseradish peroxi-
dase and development with luminol as chemiluminescent
substrate. The detection limit was 0,125 µg (8 pmol) oligonu-
cleotide/dot. In the case of the ICPMS strategy, the format
was followed by incubation with the secondary antibody
(Anti-mouse IgG) conjugated to gold nanoparticles, with
ICPMS detection after dissolving. The enhanced DNA signals
obtained by ICPMS of gold tags are combined with the high
specificity of oligonucleotide-peptide conjugate interaction
with anti-c-myc monoclonal antibody, followed by the im-
munoreaction with the secondary antibody (Anti-mouse IgG)
conjugated to gold nanoparticles. Oligonucleotide-peptide
conjugates are chimeric molecules made by oligonucleotides
covalently linked to peptide sequences. They are produced
to transfer some of the biological and/or biophysical proper-
ties of peptides to synthetic oligonucleotides. [4,5] The intro-
duction of peptides into oligonucleotide sequences has re-
sulted in the introduction of a higher number of multiple
nonradioactive labels [6]. Recently, the introduction of epi-
tope peptide sequences into oligonucleotides as nonradioac-
tive labeling system has also been described [7].
Since colloidal Au nanoparticles with extremely high particle
density show strong adsorption activity, it is necessary to deter-
mine the extent of the nonspecific binding (NSB) of the goat anti-
Mouse– Au colloidal in the assay. Au signals from NSB were al-
most zero, indicating an excellent NSB level at ICPMS detection.
Taking into consideration that the detection limit of ICPMS is
around 20 ng Au / g solution, it was deduced that a 3 ng /dot
that corresponds to 0.2 pmols (equal with 200 fmols) of DNA
could be detected, which means a quantity around 40 times
lower than with the Dot-Blot format.
This ICPMS-linked DNA detection offers several advantages.
The tag is directly analyzed, giving rise to the possibility of
oligonucleotide quantification even at very low detection limits. It
is reasonable to expect that multiple tagged secondary antibod-
ies connected with primary peptide sequence antibodies can be
used for simultaneous determination in the same sample. The
immediate acidification of the reacted and separated sample al-
lows for long-term storage before analysis and simplifies assay
protocols. The stability of nanoparticles under UV and visible light
enables a long-term monitoring of the environment, for instance,
for biological warfare agents or natural pathogenic organisms
such as cholera and Escherichia coli, which represent a critical
problem for countries with limited water treatment capabilities. 
In a very early stage, the proposed ICPMS-linked DNA as-
say may have significant potential as an important nonradioac-
tive DNA detection method for the simultaneous determination
of various sequences by labelling different kinds of inorganic
nanoparticles (and also taking advantage of the recent devel-
opment of ICPMS technique). This study will also be of interest
for the development of novel genosensors and DNA chips
based on multiple labelling [8] by according to the specific im-
munoreactions with the peptide sequences introduced into the
DNA probes.
2.2. Electrochemical detection of gold nanoparticles
Lastly, various nanoparticle-based electrochemical DNA hy-
bridisation assays were developed using gold and silver trac-
ers. Homogeneous preparations of gold nanoparticles varying
in size from 1.2 to 20 nm can be easily prepared. Various pro-
cedures on the preparation of gold nanoparticles are reported
[9,10]. DNA strands can be easily coupled to colloidal gold par-
ticles and, additionally, they do not appear to lose their biologi-
cal activity. The attachment of oligonucleotides onto the sur-
face of a gold nanoparticle can be performed by simple
adsorption [11] or via biotin-aividin linkage where the avidin is
previously adsorbed onto the particle surface [12]. However,
the most commonly used method to attach oligonucleotides
onto gold nanoparticles is via thiol-gold bonds. 
Various strategies for the electrochemical detection of gold
tracers have been reported. The major part of these strategies
is based on the intrinsic electrochemical signal of the metal
nanoparticle observed after dissolving it with HBr/Br2.[13] The
obtained gold(III) ions were preconcentrated by electrochemi-
cal reduction onto an electrode and subsequently determined
by anodic-stripping voltammetry. 
As ‘tracer amplification’, silver deposition on the gold
nanoparticles after DNA hybridisation is also used, and an en-
hanced electrochemical signal due to silver is obtained.[14] 
Nevertheless other interesting methods have been report-
ed. Mirkin and colleagues [15] have exploited the silver deposi-
tion technique to construct a sensor based on conductivity
measurements. In their approach, a small array of microelec-
trodes with gaps (20µm) between the electrodes leads is con-
structed, and probe sequences are immobilized on the sub-
strate between the gaps. Using a three-component sandwich
approach, hybridized target DNA is used to recruit gold
nanoparticle-tagged reporter probes between the electrode
leads. The nanoparticle labels are then developed in the silver
enhancer solution, leading to a sharp drop in the resistance of
the circuit. 
Gold-coated iron nanoparticles have also been used in DNA
detection assays. [16] After hybridisation, the captured gold-
iron nanoparticles are dissolved and the released iron is quanti-
fied by cathodic-stripping voltammetry in the presence of the
1-nitroso-2-naphthol ligand and a bromate catalyst. The devel-
oped DNA labelling mode offers high sensitivity, a well-defined
concentration dependence, and minimal contributions from
non-complementary nucleic acids. 
The vast majority of these electrochemical methods based
on chemical dissolution of AuNPs represent hazardous proce-
dures and therefore methods based on direct electrochemical
detection of gold nanoparticle tags, which would replace the
chemical oxidation agent, are urgently needed. Costa-García
et al. [17] employed a carbon paste electrode and detected
Au-NPs either by silver enhancement or directly after accumu-
lation onto the electrode surface.
Another alternative for the detection of AuNPs based on the
use of graphite-epoxy composite electrodes is proposed by
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our group.[18] AuNP detection protocol (Figure 2, right) in-
volves absorption of AuNPs on the surface of the graphite
epoxy composite electrode (GECE). During this step the GECE
in an open circuit was immersed in a solution containing an ap-
propriate concentration of AuNPs for 10 min. After the accu-
mulation step, the electrode was carefully washed with distilled
water before being immersed into the voltammetric cell con-
taining 0.1M HCl. The electrochemical oxidation of colloidal
AuNPs to AuCl4
– was performed at +1.25 V (vs. Ag/AgCl) for
120 s. Immediately after the electrochemical oxidation step,
differential pulse voltammetry (DPV) was performed. During this
step the potential was scanned from +1.25 V to 0 V (step po-
tential 10 mV, modulation amplitude 50 mV, non-stirred solu-
tion), resulting in an analytical signal due to the reduction of
AuCl4
–. After the DPV measurement, a cleaning step was per-
formed consisting of the application of a potential of +1.25 V
(vs. Ag/AgCl) for 5 min whilst stirring. A DPV scan was carried
out after the cleaning step to confirm the removal of the gold
residues. The final measurements employed a background
subtraction protocol involving storing the response for the
blank solution and subtracting it from the analytical signal.
Various relevant parameters influencing the analytical DPV
response of the AuNPs were investigated: (a) the time-depen-
dence of the absorption of gold nanoparticles; (b) the oxidation
potential of the AuNPs; (c) the influence of electrochemical oxi-
dation time of the AuNPs upon the DPV signal. 
The GECE based protocol for detection of gold nanoparticles
produces a defined concentration dependence for the optimised
parameters (Figure 2, left). The calibration plot for 10 nm AuNPs
was linear over the range from 4.7 × 108 to 4.7 × 1011 nanoparti-
cle cm-3, with a sensitivity of –2.34 × 10-12 (µA cm3 nanoparticles-
1) and intercept of 0.086 µA (correlation coefficient 0.999). The
favourable signal-to-nose characteristics observed for the 4.7 ×108
nanoparticle cm-3 colloidal gold solution leads to a detection limit
of 1.8 × 108 nanoparticle cm-3 based on a S/N ratio = 3.
This high sensitivity is coupled to a good AuNP detection
reproducibility using GECE. Reproducible DPV signals for
AuNPs over the entire GECE operation protocol were observed
(RSD=5.6%).
3. Quantum dots
In principle, semiconductor nanoparticles, or quantum dots
(QDs), provide a novel platform for improving labelling tech-
nologies used in the design of DNA sensors (genosensors).
QDs are crystalline clusters of a few hundred to a few thou-
sands atoms that have all three dimensions confined to the 1-
to-10-nm-length scale [19]. 
Despite the enormous opportunities clearly offered by DNA
sensors, some important hurdles remain. The first difficulties in-
volve the electrode probes themselves and their fabrication
into useful arrays. Array sizes on the order of 10 have thus far
been demonstrated but, more typically, arrays of 50-100 se-
quences will be needed for clinical applications. For example,
genetic screening for cystic fibrosis carriers requires testing for
25 different mutations plus positive and negative controls.[20]
Although it is not difficult to fashion electrode pads with repro-
ducible dimensions of a micron or less, the electrochemical
readout requires mechanical connections to each individual
electrode. The construction of very large, multiplexed arrays
(on the order of 103) therefore presents a major engineering
challenge. Labelling technology by using nanoparticles may
provide a possible solution for this problem.
Figure 2. Diagram (right) of the direct DPV detection of gold nanoparticles obtained by using a graphite-epoxy composite. Results (left) obtained for
increasing concentrations of gold nanoparticles. Differential pulse voltammograms of AuNP solutions with concentrations of (a) 9.3×1010, (b)
1.9×1011, (c) 2.8×1011, (d) 3.7×1011, (e) 4.7×1011 nanoparticles cm-3. The inset is the calibration plot for AuNP concentrations in the range 9.3×1010 to
4.7×1011 nanoparticles cm-3. Supporting electrolyte: hydrochloric acid (0.1 M); accumulation time: 10 min; dissolution time: 120 s; dissolution poten-
tial: +1.25 V; step potential: 10 mV; modulation amplitude: 50 mV. Adapted from reference [18].
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The current progress in applying QDs to DNA sequence de-
tection based on electrochemical schemes will be shown in the
following sections. A brief description of the QD synthesis and
modification with DNA strands will be introduced first, and then
the application of QDs in single or “DNA chip in solution” elec-
trochemical detectionformats will be shown.
3.1 Preparation and modification with DNA 
Three most important qualities are required to make QDs avail-
able in electrochemical sensing systems. First, QDs obviously
should be easy to detect by any conventional electroanalytical
method. Their size distribution should be as narrow as possible
so as to ensure enough reproducibility during electrochemical
assays where they will be used as biological molecule labels.
QDs dispersed in a solvent should be stabilized in a way that
prevents agglomeration. 
Several synthetic methods for the preparation of QDs have
been reported.[21] These methods are based on pattern for-
mation (colloidal self-assembled pattern formation by surfac-
tant micellation), [22-,23,24,25]organometallic thermolysis [26]
or electrochemical deposition [27].
QDs can also be formed in the so-called reverse micelle
mode. This technique is based on the natural structures creat-
ed by water-in-oil mixtures upon adding an amphiphilic surfac-
tant such as sodium dioctyl sulfosuccinate (AOT). By varying
the water content of the mixture, the size of the water droplets
suspended in the oil phase can be varied systematically. This
leads to the idea of using these self-enclosed water pools as
micro-reactors for carrying out nanoscale sustained chemical
reactions. A series of micelle-protected PbS nanoparticles
were synthesised using lead acetate and alkanethiols [28,29]. 
Cadmium sulphide nanoparticles for electroanalytical applica-
tions were prepared [30] based on the inverse micelle method
slightly modified from the protocol found in the literature [31] (see
Figure 3). The AOT/n-heptane water-in-oil microemulsion was
prepared by the solubilization of distilled water in n-heptane in the
presence of AOT surfactant. The resulting mixture was separat-
ed into reverse-micelle subvolumes where cadmium nitrate and
sodium sulphide solutions were added respectively. The two
subvolumes were mixed and stirred under helium to yield the
CdS nanoparticles. Subsequently, cystamine solution and 2-sul-
fanylethane sulfonic acid were added and the mixture was stirred
for 24 hr under helium. It was then evaporated under vacuum and
the residue was successively washed with pyridine, n-heptane,
acetone, and methanol to yield the cystamine/thioethanesul-
fonate-capped, watersoluble QD nanoparticles.
To prepare the CdS-DNA conjugate, an aqueous solution of
the CdS nanoparticles was exposed to the thiolated oligonu-
cleotide probe at room temperature under helium and was
gradually brought to a phosphate buffer. The resulting solution
was dialyzed for 48 h against 0.2 M NaCl and 0.1 M phosphate
buffer (pH 7.4) containing 0.01% sodium azide so as to remove
the excess of DNA strands.
3.2. DNA quantification by using QD as label 
QDs can be used in a variety of bioanalytical formats with elec-
trochemical detection. When QDs are used as quantitation
tags, an electrical / electrochemical signal emanating from the
particles is quantified. 
By analogy to fluoresence-based methods, several electro-
chemical detection methods have been pursued in which tar-
get DNA sequences have been labelled with electroactive QDs.
A detection method of DNA hybridization based on labelling
with CdS QDs tracers followed by electrochemical cadmium-
based stripping measurements has been developed, the de-
tailed procedure of which has been described previously.[30] 
3.3. “DNA chip in solution” by using several QDs
Genomic and proteomic research demands greater information
from single experiments, but the potential of current DNA mi-
croarray technology represents some limitations. Both the fab-
rication and read-out of DNA arrays must be miniaturised in or-
der to fit millions of tests onto a single substrate. In addition, the
arrays must be selective enough to eliminate false sequence
calls and sensitive enough to detect few copies of a target. 
In this context, QDs hold particular promise as the next genera-
tion of barcodes for multiplexing experiments. Conventional ex-
periments utilize multiple organic fluorophores to barcode differ-
ent analytes in a single experiment, but positive identification is
difficult because of the cross-talking signal between fluorophores. 
Figure 3. Schematic of the preparation of quantum dots modified with
DNA. The whole process (shown is the case of CdS) consists in the
preparation of and then the reaction (A) between reverse micelles of
Cd2+ and S2- in AOT surfacatant. The CdS quantum dots formed (B) still
have the AOT as the outer shell. The QDs are washed and transformed
so as to be soluble in water and then modified with DNA via thiol or
amine groups (C). 
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Inspired by multicolour optical bioassays [32-, 33,34] an
electrochemical coding technology based on labelling of
probes bearing different DNA sequences with different QDs
has been developed. [35] This novel technology has, for the
first time, enabled the simultaneous detection of more than one
target by using an electrochemical detection method. The mul-
tiple detection of various DNA targets is based on the use of
various QD tags with diverse redox potentials. 
Figure 4 (A-F) represents the schematic of the analytical proto-
col (experimental details at [35]) of the multi-target electrical DNA
detection protocol based on different QD tracers. Three different
QDs, ZnS, CdS and ZnS, were first produced. The sandwich as-
say involved a dual hybridization event. In a first step (A) the probe
(P1, P2, P3) –modified magnetic beads were introduced. The cor-
responding amount of each target (T1, T2, T3) was added (B) into
the hybridization buffer containing the three probe-coated mag-
netic beads. The first hybridization thus proceeds under magnetic
mixing for 20 min. The resulting hybrid-conjugated microspheres
(C) were then washed and the second hybridisation, and with
each QD-DNA (P1’, P2’,P3’) conjugates (D) occurred. The result-
ing particle-linked DNA assembly (E) was washed again and re-
suspended in a 1 M HNO3 solution. Dissolution of the QD tags
thus proceeded for 3 min using magnetic stirring. Following a
magnetic separation, the acid solution (containing the dissolved
QDs) was transferred into the acetate buffer (pH 5.6) measuring
solution containing mercury ion. Square wave anodic stripping
voltammetry (SWASV) measurements of the dissolved QDs were
carried out (F) at an in-situ prepared mercury film electrode giving
voltammograms as reported. [35] The DNA connected quantum
dots yielded well-defined and resolved stripping peaks at –1,12 V
(Zn), –0,68 V (Cd) and –0,53 V (Pb) at the mercury-coated glassy
carbon electrode (vs. the Ag/AgCl reference electrode). Such en-
coding technology using QDs offer a voltammetric signature with
distinct electrical hybridization signals for the corresponding DNA
targets. The number of targets that can be readily detected simul-
taneously (without using high level multiplexing) is controlled by
the number of voltammetrically distinguishable metal markers. 
Other attractive nanocrystal tracers for creating a pool of
nonoverlapping electrical tags for such bioassays are InAs, and
GaAs semiconductor particles in view of the attractive stripping
behaviour of their metal ions. 
4. Carbon nanotubes
4.1. General overview
Since their discovery in 1991 [36], carbon nanotubes (CNTs)
have generated great interest for various applications based on
their field emission and electronic transport properties [37], their
high mechanical strength [38], and their chemical properties.
From this arises an increasing potential for use as field emission
devices [39], nanoscale transistors [40], tips for scanning mi-
croscopy [41], or components for composite materials.[42]
CNTs are one of the most commonly used building blocks of
nanotechnology. With one hundred times the tensile strength of
steel, thermal conductivity better than all but the purest diamond,
and electrical conductivity similar to copper, but with the ability to
carry much higher currents, CNTs seem to be a wonder material. 
CNTs include both singlewalled and multiwalled structures.
Single-wall carbon nanotubes (SWCNTs) are comprised of a
cylindrical graphite sheet of nanoscale diameter capped by
hemispherical ends. The closure of the cylinder is the result of a
pentagon inclusion in the hexagonal carbon network of the
nanotube walls during the growth process. SWCNT have di-
ameters typically ~1nm with the smallest diameter reported to
date of 40A. This corresponds to the theoretically predicted
lower limit for stable SWCNT formation based on consideration
of the stress energy built into the SWCNT cylindrical structure.
Multiwall carbon nanotubes (MWCNTs) comprise several to
tens of incommensurate concentric cylinders of these graphitic
Figure 4. Schematic of the “DNA Chip in solution” assay
achieved by using a multi-target DNA detection based on
different QD tracers. A) Introduction of the probe modified
magnetic beads B) Addition of the target C) Hybrid-conju-
gated microspheres D) QD-DNA conjugates E) Particle-
linked DNA assembly F) Square wave anodic stripping
voltammetry (SWASV) measurements of the dissolved QDs
were carried. Paramagnetical particles were used as DNA
immobilization platform.
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shells with a layer spacing of 3-40A. MWCNTs tend to have di-
ameters in the range 2-100nm. The MWCNT can be consid-
ered as a mesoscale graphite system, whereas the SWCNT is
truly a single large molecule.
Distinctive properties of CNT, such as a high surface area,
accumulation, branched conductivity, minimization of surface
fouling and electrocatalytic activity are very attractive for elec-
trochemical sensing.[43,44] Recent studies have demonstrat-
ed that CNT exhibits strong electrocatalytic activity for a wide
range of compounds, such as neurotransmitters [45-48],
NADH [49-52], hydrogen peroxide [45-53], ascorbic [45-47]
and uric acid [45], cytochrome c [54], hydrazines [55], hydro-
gen sulphide [56], amino acids [57] and DNA. [58] It has been
suggested that electrocatalytic properties originate from the
ends of CNT. [52,59]
4.2. CNT composites for electrochemical sensors
Most of the CNT-based electrodes for electroanalytical applica-
tions involve physical adsorption of CNT onto electrode surfaces,
usually glassy carbon [45–,46,47,49,52-,53,54,56,57,59]. How-
ever, it is important to note that CNT dispersed in mineral oil
[51,58] or consolidated into Teflon [50] have been recently used.
A novel carbon nanotube epoxy-composite (CNTEC) elec-
trode has been fabricated and characterized by our group. [60]
Epoxy resin and hardener were mixed in a 20:3 ratio (w/w). CN-
TEC electrodes (see Figure 5) have been produced by loading
the epoxy resin, before curing, with MWCNTs of different
lengths (0.5-2 µm and 0.5-200 µm) (Figure 5B). Based on elec-
trochemical reversibility and sensitivity studies, it was found that
electrodes containing 20% (w/w) CNT represent the optimal
composition. Figure 5 shows SEM micrographs of MWCNT be-
fore (B) and after (C) being included in the epoxy resin. Good dis-
persion of CNT in the polymer matrix with a sponge-like topog-
raphy of the surface can be observed in this figure. The
behaviour of CNTEC electrodes has been compared with that of
conventional graphite epoxy composite (GEC) electrode. It was
found that long-MWCNT (0.5-200 µm) based epoxy composite
electrodes show strong electrocatalytic activity towards NADH
Figure 5. Preparation of CNT composite
based sensor. An electrode body (A) with a
cooper disc is used as platform for CNT com-
posite application. The CNT composite is pre-
pared by mixing (B, left) CNTs with an epoxy
polymer. Also shown is (B, right) the SEM pic-
tures (two resolutions) of the CNT before mix-
ing with the polymer. The prepared paste is
then applied onto the electrode (C left).
Shown is the SEM image of the electrodes’
surface (C right) after curing and polishing the
composite. Adapted from reference [60].
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and hydrogen peroxide while short-MWCNT (0.5-2 µm) based
epoxy composites show similar oxidation potential as GEC elec-
trode for both NADH and H2O2 (see Figure 6). In both cases, CN-
TEC electrodes provide better reversibility, peak shape, sensi-
tivity and stability when compared to GEC electrode. 
The stability of response of the CNTEC electrodes for NADH
was evaluated. Figure 7 (A) compares stability of oxidation of
NADH at +0.55 V for CNT-200-EC (a), CNT-2-EC (b) and GEC
(c) electrodes. The results indicate that both CNT epoxy com-
posite electrodes provide a good stability towards oxidation of
NADH. They show 96% (CNT-200-EC) and 93% (CNT-2-EC)
of original response even after 45 minutes, while response of
GEC electrode decreases by 33% in the same timescale.
The amperometric response (calibration curves) of CNTEC
and GEC electrodes towards NADH was assessed at +0.55 V
(see Figure 7B). Nanotube-based electrodes display a well-de-
fined concentration dependence over concentration range 0.0-
1.0 mM (0.1 mM increments), with sensitivities 72.1 and 29.7
µA mM-1 for CNT-200-EC and CNT-2-EC electrodes, respec-
tively (correlation coefficients 0.995 and 0.994), while sensitivity
of GEC electrode was 5.0 µA mM-1 (correlation coefficient
0.997). The calibration curves of hydrogen peroxide (Figure7C)
were obtained at +0.95 V and these were found to be linear
over concentration range 0.0-2.0 mM (0.2 mM increments)
with sensitivities 18.0, 12.9 and 1.9 µA mM-1 for CNT-200-EC,
CNT-2-EC and GEC electrodes, respectively (correlation coef-
ficients 0.995, 0.994 and 0.997). The hydrogen peroxide re-
sponse was not affected by regenerating (polishing) the sur-
face. Series of eight successive measurements, each recorded
on a newly polished surface, yielded RSD=5%. Reproducibility
of different electrodes prepared from the same CNTEC paste
showed similar reproducibility (RSD=6%, n=3).
The CNTEC material is more robust in regard to mechanical
strength when compared to the carbon nanotube paste or the
Figure 6. Cyclic voltammograms for (A) 1 mM ferricyanide (B) 1 mM hydrogen peroxide (C) 1 mM NADH. (a) CNT-200-EC, (b) CNT-2-EC and (c) GEC
electrodes. 50 mM phosphate buffer, pH 7.4; scan rate 0.1 V s-1; carbon/epoxy ratios, 20:80 (w/w). Adapted from reference [60].
Figure 7. Stability of response (A) and calibration curves for NADH (B) and H2O2 (C ). CNT-200-EC, (b) CNT-2-EC and (c) GEC electrodes. Operation
potential, +0.55 V (A,B) and +0.95 (C). Solution stirring ca. 400 rpm. 50 mM phosphate buffer, pH 7.4.; carbon:epoxy ratio 20:80 (w/w). Adapted
from reference [60].
Toward nanoanalytical chemistry: case of nanomaterial integration into [bio]sensing systems 65
Teflon composite reported previously. The new carbon nan-
otube composite indicates that it may become a new class of
smart material with unique properties and applications. The re-
sulting CNTEC electrode may offer great promise for biosens-
ing by incorporating biomolecules, such as enzymes, antibod-
ies, or DNA in the CNT/epoxy composite. Research in this
direction is in process in our laboratory. 
5. Conclusions and future prospects
Nanoanalytical chemistry represents an important challenge of
nanotechnology. Today, we face a possible new industrial rev-
olution with nanotechnology which opens enormous perspec-
tives for various fields and especially for analytical chemistry,
this last-named field having an active role in nanotechnology
development. The integration of nanotechnology with biology
and electroanalytical chemistry is just one example of nanoan-
alytical chemistry. This sort of integration is expected to pro-
duce major advances in the field of electrochemical sensors. 
Recent progress has led to the development of functional
nanoparticles that can be easily linked to biological molecules
such as peptides, proteins and nucleic acids. QDs can be used
as nonisotopic biolabels, by binding proteins, antibodies, etc.
to the surface of the QD. Oligonucleotide derivatized QDs have
been used as building blocks to form extended networks that
leads to novel DNA hybridisation detection. 
Nanoparticles show great promise for electroanalytical ap-
plications Especially promising is the potential for detecting sin-
gle molecule interactions by detecting individual gold colloid la-
bel, which opens the way towards new detection limits. The
electrochemical detection of these labels using stripping meth-
ods allows the detailed study of various biomolecule interac-
tions. Although such single molecule studies are essential for
understanding the mechanisms of the analytical methods, they
prevent the high parallelization needed for pharmaceutical or
medical applications. The developed electrochemical coding is
expected to open new opportunities for DNA diagnostics and
for bioanalysis in general.
On the other hand, the exploitation of CNTs in the design of
electrochemical sensors, although it has shown progress and
enthusiasm, is still in its beginnings. Future efforts should aim at
better understanding the structural-electrochemical reactivity
of CNT-modified electrodes and the factors that govern the
electron-transfer kinetics of these attractive devices so as to
avoid the risk of precipitated conclusions in attributing electro-
catalytic properties to nanotubes without conducting the ap-
propriate control experiments. 
To date, even though nanomaterials are incorporated into
biosensor applications, there are no biosensors produced entirely
at the nanoscale. One of the long-term goals of nanoanalytical
chemistry should be the creation of devices that can be used in-
side a living patient to perform diagnostic tasks. An inherent part of
that goal is the integration of nanoscale detection reagents with
nanoscale signal transduction elements and electronics. The
process of integration will be expensive and risky, since neither the
function nor the adoption of the technology is guaranteed.
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